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Introduction

Nickel selenide semiconductors exhibit interesting electronic
and magnetic properties and have found several applications
in the field of materials science, which has attracted consid-
erable research attention over the last ten years or so.[1–8]

Because of the valence electronic configuration of Ni
(3d84s2) and the small difference in electronegativity be-
tween Ni (c=1.9) and Se (c=2.4), nickel and selenium can
form a variety of nickel selenides, including non-stoichio-
metric compounds. According to the phase diagram,[9] at
room temperature there are three stable phases: NiSe2,
Ni1�xSe (nickel content can vary from 1.00 to 0.85 relative to
1Se), and Ni3Se2. The properties (including physical and

chemical properties) and applications of materials are usual-
ly determined by their compositions, phase structures, and
morphologies.[4,10–12] In this paper, the controlled synthesis of
a series of nickel selenides (NiSe2, Ni1�xSe (x=0–0.15), and
Ni3Se2) has been investigated in aqueous solution, and a
simple, convenient, and effective controlled synthetic proce-
dure has been developed.

Traditionally, nickel selenides were synthesized by using a
variety of methods, such as solid-state synthesis,[13] molecular
precursors,[14] elemental direct reactions,[15] ultrasonic syn-
thesis,[16] and mechanical alloying (MA).[17] However, these
methods often need a high temperature or use toxic metal-
lorganic reagents as precursors and usually need a special
device. Few of these methods can be used to controllably
and systematically synthesize a series of nickel selenides.
The solvothermal synthetic method has also been developed
by using organic solvents, such as pyridine or ethylenedia-
mine, at around 180 8C.[18] However, it is still a challenge to
obtain a series of nickel selenides (NiSe2, Ni1�xSe, and
Ni3Se2) and systematically control their compositions, phase
structures, and morphologies in aqueous solution.

Recently, Na2SeO3 was selected in our experiments to
provide a highly reactive selenium source in aqueous solu-
tion and has given good results.[19] Following this method,
we herein report a convenient and controllable synthetic
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method for obtaining a series of nickel selenides. By simply
adjusting the molar ratio of the reactants, the temperature,
the pH, or the reaction times, all of the three stable phases
found at room temperature (hexagonal Ni1�xSe, rhombohe-
dral Ni3Se2, and cubic NiSe2) can be obtained, and their
compositions, structural phases, and morphologies can be
easily controlled.

Experimental Section

Materials : All the reagents were of an-
alytical grade and were used as re-
ceived without any further purifica-
tion. Deionized water was used
throughout. Nickel sulfate
(NiSO4·7H2O), sodium selenite (Na2-

SeO3·5H2O), ethylenediaminetetraace-
tic acid (EDTA), sodium hydroxide
(NaOH), and hydrazine hydrate
(N2H4·H2O, 80%) were purchased
from the Beijing Chemical Factory,
China.

Synthesis of NiSe2, Ni1�xSe, and Ni3Se2 : In a typical synthesis of Ni1�xSe
(including NiSe), the original molar ratio between NiSO4·7H2O and Na2-

SeO3·5H2O was selected to be 1:3. NiSO4·7H2O (0.28 g, 0.001m) was put
into a Teflon-lined autoclave of 50 mL capacity and dissolved in deion-
ized water (30 mL). The chelating agent, EDTA (1.0 g, �0.003m), was
added to the solution. NaOH (1.0 g, 0.025m) was added later to keep the
pH value at about 14. After mixing for 5 min under stirring, Na2SeO3·5 -
H2O (0.78 g, 0.003m) was added to the mixture. Lastly, hydrazine hydrate
(10 mL) was added to the mixture and the system finally formed a trans-
parent solution. After stirring for 5 min, the autoclave was sealed and
heated for 5 h. Then, the autoclave was allowed to cool to room tempera-
ture naturally. The product was obtained and collected by filtration,
washed with deionized water and absolute ethanol, and then dried at
60 8C. For Ni0.85Se, the reaction temperature was set at 100 8C, and for
NiSe, the reaction temperature was elevated to 180 8C. Ni1�xSe (x=0–
0.15) was obtained by controlling the reaction temperature between 100
and 180 8C.

Similarly, Ni3Se2 was prepared by changing the molar ratio between
NiSO4·7H2O and Na2SeO3·5H2O to 3:1, so the amounts of NiSO4·7H2O
and Na2SeO3·5H2O introduced were 0.84 and 0.26 g, respectively. The re-
action time was 7 h and the reaction temperature was 180 8C.

For NiSe2, just like the synthesis of Ni1�xSe, the molar ratio of
NiSO4·7H2O and Na2SeO3·5H2O was selected to be 1:3, but the pH
value was adjusted from 14 to 10. The reaction time was 20 h and the re-
action temperature was 140 8C. After the reaction, the product was added
to hydrazine hydrate (50 mL) to dissolve the excess unreacted Se, and
then collected, washed, and dried at 60 8C.

Characterization : The phase purity of the products was examined by
using X-ray diffraction (XRD) on a Bruker D8 Advance X-ray powder
diffractometer with CuKa radiation (l=1.5418 M). The operation voltage
and current were kept at 40 kV and 40 mA, respectively. A 2q range
from 10 to 708 was covered in steps of 0.028 with a count time of 0.2 s.
The sample size, morphology, and elemental composition of the products
were examined by means of scanning electron microscopy (SEM) and
energy-dispersive X-ray spectroscopy (EDX) analyses by using a JEOL
JSM-6301F scanning electron microscope operating at 20 kV.

Results and Discussion

Crystal structures of NiSe2, Ni1�xSe, and Ni3Se2 : In our ho-
mogeneous-solution reaction system, a good environment

for the nucleation and growth of the product is provided.
The morphologies and structures of as-prepared nickel sele-
nides can be determined by their crystal structures to a cer-
tain extent. Figure 1 shows schematic illustrations of the
often observed crystal structures of NiSe2, Ni1�xSe, and
Ni3Se2. NiSe2 has a cubic pyrite structure (Figure 1a), which

has dumbbell-shaped Se2 units between two Ni atoms. It
usually forms an isotropic structure after the reaction.
Ni1�xSe (x=0–0.15, Figure 1b) usually exists in an anisotrop-
ic hexagonal nickel arsenide structure. Due to its unique c
axis, the growth rate of Ni1�xSe along the a, b, and c axes is
usually different and Ni1�xSe often shows anisotropic mor-
phology. Ni1�xSe can also crystallize in its thermodynamical-
ly stable phase, that is, as a rhombohedral structure (not
shown). Compared with the nickel arsenide structure, the
rhombohedral structure shows more anisotropism. For
Ni3Se2, the rhombohedral structure (Figure 1c) is the often
observed phase after the reaction.

XRD studies : It was found that the original molar ratios of
the reactants (Ni/Se), the reaction temperature, and the pH
played important roles in the formation of the nickel sele-
nide series in our aqueous reaction system. Table 1 lists the
reaction conditions and the yields for the synthesis of NiSe2,
Ni1�xSe, and Ni3Se2. The yields are calculated with respect to
NiSO4·7H2O (for NiSe2 and Ni1�xSe) or Na2SeO3·5H2O (for
Ni3Se2).

Figure 2 shows the XRD patterns of as-prepared NiSe2,
Ni1�xSe, and Ni3Se2, which indicate that all these samples
are pure-phase compounds. Due to the excess of chelating
agent (EDTA) in the reaction system, no other peaks of
nickel impurities (such as nickel hydroxide) are observed.
The results are in good agreement with those reported in

Figure 1. Schematic illustrations of the commonly observed crystal structures of a) NiSe2, b) Ni1�xSe, and
c) Ni3Se2.

Table 1. The reaction conditions of nickel selenides synthesized from
NiSO4·7H2O and Na2SeO3·5H2O.

T [8C] Ni/Se ratio
(reactants)

pH t [h] Product Yield
[%]

100–180 1:3 14 5 Ni1�xSe �95
140 1:3 10 20 NiSe2 �82
180 3:1 14 7 Ni3Se2 �92
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the literature (NiSe2: JCPDS card number 41-1495; Ni1�xSe:
JCPDS card number 18-888; Ni3Se2: JCPDS card number
19-841). The peaks are strong and narrow, which indicates
the good crystallinity of the as-prepared samples.

During the synthesis of Ni1�xSe, by adjusting the reaction
temperature from 100 to 180 8C, the x value can be varied
from 0.15 to 0. In our experiments, it was found that excess
NiSO4·7H2O and high reaction temperature favor the for-
mation of compounds with high nickel content. Figure 3
shows the XRD patterns of two extreme conditions (NiSe

obtained at 180 8C and Ni0.85Se obtained at 100 8C) and an
intermediate state (Ni1�xSe (0<x<0.15) obtained at
140 8C). As the nickel content increases, all the peaks (101,
102, and 110, etc.) in the XRD pattern are found to have a
tiny shift to a smaller value of 2q (corresponding to an in-
crease in d, the interplanar spacing between the atoms in
the crystal), which indicates that the volume of the crystal
unit cell of Ni1�xSe is also increasing.

At low reaction temperatures (ca. 100–120 8C, pH 14) and
with relatively short reaction times (about 4 h), although the
original molar ratio of Ni/Se is 3:1 or 1:3, Ni1�xSe is ob-
tained instead of Ni3Se2 or NiSe2. The x value is also found
to vary from 0 to 0.15 when the ratio of Ni/Se is changed
from 3:1 to 1:1 and to 1:3.

In the synthesis of NiSe2, the ideal reaction temperature
and pH value are 140 8C and 10, respectively. When the re-
action temperature is elevated to 180 8C, NiSe emerges and
a mixture of NiSe2 and NiSe is obtained. When the pH
value is 14, pure-phase NiSe is the final product instead of
NiSe2.

Long reaction times lead to a preference for the forma-
tion of a thermodynamically stable phase. In the synthesis of
NiSe at 180 8C, when the starting molar ratio of Ni/Se is ad-
justed to 1:1, hexagonal NiSe will be obtained first after a
short reaction time. With the extension of reaction time,
hexagonal NiSe will gradually transform into rhombohedral
NiSe. Figure 4 shows the evolution of XRD patterns from

hexagonal to rhombohedral NiSe. When the reaction time is
four hours, the product is pure hexagonal NiSe. The charac-
teristic peaks of rhombohedral NiSe appear after 20 hours.
When the reaction time is lengthened to 65 hours, the main
product is rhombohedral NiSe. However, with an even
longer reaction time, a small amount of hexagonal NiSe still
exists in the product. The ratio of hexagonal to rhombohe-
dral NiSe appears to remain unchanged after a long reaction
time. It is worth noting that this phase-conversion phenom-
enon cannot be observed in reaction systems with excess se-
lenium (such as Ni/Se=1:3).

Morphologies of the samples : Scanning electron microscopy
(SEM) was employed to investigate the morphologies of the
as-prepared nickel selenide series. In our experiments,
Ni1�xSe samples obtained from reactions at 100 to 180 8C are
all microspheres. Figures 5a and b show the SEM images of
Ni1�xSe obtained at 140 8C. These microspheres are not very
uniform and have an average diameter of about 1 mm. From

Figure 2. XRD patterns of cubic NiSe2, hexagonal Ni1�xSe, and rhombo-
hedral Ni3Se2.

Figure 3. XRD patterns of NiSe (180 8C), Ni1�xSe (140 8C), and Ni0.85Se
(100 8C).

Figure 4. Evolution of the XRD patterns with reaction times from hexag-
onal NiSe (&) to rhombohedral NiSe (*).
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the magnified SEM image (Figure 5b), it can be observed
that the surface of the Ni1�xSe microspheres is not smooth.
It is built up of many nanoplates, which makes the spheres
look very rugged. These nanoplates constitute many active
positions on the surface and
make the microspheres have a
larger surface area than that of
smooth microspheres, which
make this type of microsphere
have potential for applications
such as catalysis, field emission,
and gas sensors. Figure 5c
shows the NiSe microspheres
obtained at 180 8C. Compared
with Ni1�xSe obtained at 140 8C,
these microspheres have a
smaller average diameter. This
can be explained by considering
that at a relatively high temper-

ature, more NiSe nuclei will form before the growth process,
which will cause the formation of more spheres with smaller
diameters. Figure 5d shows the image of rhombohedral NiSe
obtained at 180 8C (Ni/Se=1:1) after a reaction time of
65 hours. It is interesting to note that nanowires are ob-
tained instead of microspheres, with lengths of about 30 mm
and diameters of about 200 nm. Ni3Se2 (Figures 5e and f, ob-
tained at 180 8C) also have microspherical morphology.
From the magnified SEM image (Figure 5f), it can be ob-
served that they have a similar surface and diameter to that
of Ni1�xSe microspheres. Figure 5g shows the morphology of
NiSe2. Due to its cubic pyrite structure, octahedral-shaped
microcrystals are obtained in our homogeneous-solution re-
action system. From the magnified SEM image inset in Fig-
ure 5g, it can be found that the average length of the edge
of these microcrystals is about 3–4 mm.

To investigate the conversion process from hexagonal to
rhombohedral NiSe occurring at 180 8C when the original
molar ratio of Ni/Se was adjusted to 1:1, SEM analysis
(Figure 6) was used to characterize the samples at different
conversion steps. In agreement with the XRD patterns
(Figure 4), unlike the sphere-shaped Ni1�xSe obtained from
a Ni/Se ratio of 1:3, the hexagonal sample (Figure 6a)
formed after 4 hours shows irregular polyhedral morpholo-
gy. When the reaction time was 20 hours, it was found that
the rhombohedral NiSe nanowires appear (Figure 6b),
which is consistent with the XRD results. When the reaction
time was lengthened to 65 hours, almost all the products had
been converted into nanowires (Figure 6c); the XRD results
also led to this conclusion. From the EDX results (see the
Supporting Information), it was found that both the poly-
hedrons and nanowires are pure nickel selenide with a Ni/Se
ratio of about 1:1.

Formation of Ni1�xSe microspheres and NiSe2 microcrystals :
In our experiments, the Ni/Se ratio of the raw materials, the
chelating agent (EDTA), the pH, and the reaction time
were used to control the formation, nucleation, and growth
of nickel selenides. For the formation of nickel selenides,
Ni2+ coordinates with EDTA first and forms a stable chelate
complex. The concentration of free Ni2+ in the solution is
very low, which can prevent the deposition of NiSeO3

Figure 5. SEM images of the nickel selenide series: a, b) Ni1�xSe micro-
spheres obtained at 140 8C; c) hexagonal NiSe microspheres obtained at
180 8C; d) rhombohedral NiSe nanowires obtained at 180 8C (65 h); e,
f) Ni3Se2 microspheres obtained at 180 8C; g) octahedral-shaped NiSe2 mi-
crocrystals (140 8C, pH 10).

Figure 6. SEM images showing the conversion process from hexagonal to rhombohedral NiSe: a) irregular-
polyhedron-shaped hexagonal NiSe at 4 h; b) hexagonal NiSe polyhedrons and rhombohedral NiSe nanowires
at 20 h; c) rhombohedral NiSe nanowires at 65 h.
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before the formation of selenides. The uniformity of the re-
action solution provides a good environment for growing
high quality nickel selenide nanocrystals. The water soluble
Na2SeO3 was used as the Se source. Under alkaline condi-
tions, SeO3

2� can be quickly reduced to elemental Se upon
heating (SeO3

2�+3H2O+4e�!Se+6OH�),[19,20] and the
newly produced Se will be further converted to Se2� through
a disproportionation process (3Se+6OH�!2Se2�+

SeO3
2�+3H2O). It is clear that the disproportionation of Se

is dependent on the alkalinity of the solution. The stronger
the alkalinity, the more completely Se converts to Se2�.

By controlling the pH of the reaction solution, it can be
very easy to control the formation of metal monoselenide or
diselenide. When the pH value is set to 14, almost all the el-
emental Se will be converted to Se2� and Ni1�xSe will be
formed ((1�x)Ni2+ + (1�x)Se2�+xSe!Ni1�xSe). When the
pH value is adjusted to 10, only a part of the Se present can
be converted, so there is still some elemental Se existing in
the system. Se will combine with Se2� to form Se2

2�, and
NiSe2 will be the final product (Ni2+ +Se2�+Se!NiSe2).
Due to its cubic crystal structure, the NiSe2 obtained in our
homogeneous-solution reaction system shows octahedral
morphology.

Unlike other metal ions (e.g., Zn2+ , Cd2+), Ni2+ in aque-
ous solution can be reduced by hydrazine to elemental Ni
upon heating.[21] Therefore, another possible route is that
the newly produced Se and Ni will react with each other
and produce Ni1�xSe (pH 14) and NiSe2 (pH 10) directly.
Based on earlier studies of the formation of ZnSe and
CdSe,[19] the disproportionation process is considered to be
the main process in the reaction.

As reported in the literature,[20] the newly produced ele-
mental Se has an amorphous structure in alkaline solution
and often aggregates to form a spherical morphology. This
may be the reason that the Ni1�xSe obtained in the experi-
ments also has a spherical structure. Figure 7 shows the

schematic representation of the formation mechanism of
Ni1�xSe microspheres. In our reaction system with excess Se
(Ni/Se=1:3), the intermediate compound (amorphous Se
microspheres) produced in the reaction is the template for
the formation of Ni1�xSe. Around the Se microspheres, there
is a relatively high concentration of Se2� (from the dispro-
portionation of the outer layer of the Se microspheres), and

Ni1�xSe nanocrystals precipitate on the surface of the Se mi-
crospheres until all of the Ni2+ is consumed (step a). Under
strong alkaline conditions, the unreacted excess Se inside
the spheres is gradually converted to Se2� and SeO3

2� and
dissolves in the solution through disproportionation (step b).
During step b, as well as the ageing stage after Se dissolves,
Ni1�xSe nanocrystals aggregate to form a solid spherical
structure (step c). Due to the anisotropic crystal structure,
based on the precipitation solubility equilibrium in the solu-
tion, Ni1�xSe located on the outer layer of the microspheres
gradually dissolves and crystallizes along certain orientations
to form nanoplates on the surface of the spheres. When the
original molar ratio of Ni/Se is adjusted to 1:1, in the reac-
tion all Se microsphere are consumed to form Ni1�xSe (no
excess Se exists inside to provide a supporter), and finally ir-
regular polyhedral morphology is obtained.

Formation of Ni3Se2 microspheres and the conversion from
Ni1�xSe to Ni3Se2 : In our experiments, pure-phase Ni3Se2 can
be obtained in the reaction system with excess nickel. It is
found that Ni1�xSe is the intermediate compound during the
formation of Ni3Se2. In order to investigate the conversion
process from Ni1�xSe to Ni3Se2, the product was taken out
after reaction for three, five, and seven hours and character-
ized by XRD analysis. Figure 8 shows the evolution of the

XRD patterns. First, pure-phase Ni1�xSe (marked with &)
was obtained when the reaction time was three hours. With
a longer reaction time, the characteristic peaks of Ni3Se2

(marked with *) appeared at five hours. After seven hours,
only Ni3Se2 peaks could be observed, which indicates that
all the Ni1�xSe had been consumed and that a pure-phase
Ni3Se2 had been produced. Based on the experiment, it was
realized that the conversion process from Ni1�xSe to Ni3Se2

is very fast.
For the formation mechanism of Ni3Se2, it can be consid-

ered that, in the reaction system with excess nickel, Ni2+

will react with Se2� and produce Ni1�xSe first until all the Se
source is used up. With the presence of hydrazine hydrate,

Figure 7. Schematic representation of the formation mechanism of
Ni1�xSe microspheres.

Figure 8. Evolution of the XRD patterns from Ni1�xSe (&) to Ni3Se2 (*)
with different reaction times at 180 8C (Ni/Se=3:1, pH 14).
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the excess Ni2+ will be reduced to elemental Ni upon heat-
ing.[21] This kind of newly produced Ni is highly reactive and
will react with Ni1�xSe to produce Ni3Se2 through Equa-
tions (1) and (2):

2Ni2þ þN2H4 þ 4OH� ! 2NiþN2 þ 4H2O ð1Þ

2Ni1�xSeþ ð1þ 2xÞNi ! Ni3Se2 ð2Þ

In the XRD patterns, no characteristic peaks of elemental
Ni is found, and this can be attributed to the strong chela-
tion properties of EDTA, which caused the low concentra-
tion of free Ni2+ during the reaction. The amount of ele-
mental Ni is very small and thus the characteristic peaks
cannot be observed from XRD analysis.

In this conversion, the intermediate compound (Ni1�xSe)
acts as both the reactant and the template in the formation
of Ni3Se2. Therefore, the morphology of Ni3Se2 is certainly
determined by the morphology of Ni1�xSe. This is the reason
that Ni3Se2 also has a spherical structure, and the surface is
not smooth but instead built up of many nanoplates, similar
to that of Ni1�xSe.

Conversion mechanism from hexagonal to rhombohedral
NiSe with long reaction times : In our experiments, it was
found that the formation of hexagonal and rhombohedral
NiSe is a competitive process between kinetic and thermo-
dynamic control. At the beginning of the reaction, the con-
centration of the NiSe monomer (single NiSe molecule
before its nucleation and growth) becomes higher and
higher, which causes a high crystallization and growth rate
of NiSe. At this time, hexagonal NiSe is produced and the
kinetic control is the main factor. When all the Se and Ni
sources are consumed, the precipitation–solubility equilibri-
um of NiSe in solution becomes the main reaction. At this
time, thermodynamic control is the main factor and hexago-
nal NiSe will gradually convert to the thermodynamically
stable rhombohedral NiSe. Compared with the hexagonal
structure, the rhombohedral structure has a stronger aniso-
tropy, which is the reason why the product morphology
changes from microspheres to nanowires accompanied with
the phase conversion. This experiment has proved from an-
other point of view that crystal structure plays an important
role in the formation of nanostructures. Phase conversion
(from isotropic to anisotropy, from small to large anisotropy,
etc.) can be used in the controlled synthesis of different
nanostructures.

The above conversion can only be observed when the
original molar ratio of Ni/Se is 1:1. Under the condition of
Ni/Se=1:3 (reaction system with excess selenium), the hex-
agonal product remains unchanged in the experiments after
reacting for 65 hours. The reason for this is that the phase-
conversion process is based on the precipitation–solubility
equilibrium of NiSe. In the reaction system with excess sele-
nium, the concentration of Se2� in the solution is relatively
high, which makes the solubility equilibrium shift to the
NiSe direction. Under this condition, NiSe has an extra

small solubility, and this makes it difficult for it to convert
to the rhombohedral product.

Conclusion

In summary, by controlling the Ni/Se ratio of the raw mate-
rials, the pH, and the reaction time, a nickel selenide series
(NiSe2, Ni1�xSe, Ni3Se2) can be selectively synthesized in
aqueous solution through a convenient, low-temperature hy-
drothermal method. The x value of Ni1�xSe can be adjusted
from 0–0.15. In the reaction system with excess selenium,
amorphous Se microspheres produced in the reaction can be
used as both the reactant and the template. On the basis of
this, Ni1�xSe microspheres and NiSe2 microcrystals are ob-
tained. Ni3Se2 microspheres can be produced in reaction sys-
tems with excess nickel, and are found to come from
Ni1�xSe microspheres during the reaction. When the Ni/Se
ratio of the raw materials is 1:1, the hexagonal NiSe micro-
spheres can be converted to rhombohedral NiSe nanowires
in solution upon heating with long reaction times. The for-
mation and conversion mechanism of nickel selenides has
been investigated in detail. This work is valuable for the un-
derstanding of the formation of metal selenides in aqueous
solution. It has provided a general, simple, and effective
method to control the compositions, phase structures, and
morphologies of metal selenides, which will be very impor-
tant for inorganic synthesis methodology and further appli-
cations of selenides.
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